o 

(N 

Oh- 

in 



i 

S-H 
-f— > 

CO 



I 

C 
O 
O 



> 

m 

o 

o 



s 



Many Topological Insulators Fail the Surface Conduction Test 

Sourabh Barucl and K. P. Rajee\|2| 

Department of Physics, Indian Institute of Technology, Kanpur 

In this report, we scrutinize the thickness dependent resistivity data from the recent literature 
on electrical transport measurements in topological insulators. A linear increase in resistivity with 
increase in thickness is expected in the case of these materials since they have an insulating bulk 
and conducting surface. However, such a trend is not seen in the resistivity versus thickness data 
for all the cases examined, except for some samples, where it holds for a narrow range of thickness. 



I. INTRODUCTION 

Topological insulators are the latest phase to have been 
discovered in condensed matter physics and due to their 
unique properties and potential applications they are one 
of the current hot topics in the field. They are members 
of a topological class characterized by the Z 2 topological 
invariant and their band structure has extended states 
associated with their surfaces within the bulk band gap 
[l|-[3]. The in-gap surface states are topologically pro- 
tected by time reversal symmetry and this makes the 
surface electrically conducting even though the bulk is 
insulating. These states at the surface are special in the 
sense that they have a linear dispersion relation near the 
r point, i.e. E oc |fc|; also the spin of each electron is 
locked to its wave vector. These theoretical considera- 
tions should lead to the following experimentally observ- 
able properties: 

1 . Linear energy vs momentum relation of the surface 
states. 

2. Conducting surface and insulating bulk. 

3. Topological protection of current carrying surface 
electrons from scattering in the absence of magnetic 
impurities or magnetic fields. 

The first property pertains to the band structure while 
the remaining two are related to electrical transport. 



II. THICKNESS DEPENDENCE OF 

RESISTIVITY: BULK AND SURFACE 

CONDUCTORS 

Evidence for the in-gap surface states, with their lin- 
ear energy dispersion relation have been provided by 
angle resolved photoemission spectroscopy (ARPES) in 
topological insulator materials such as Bi^Sbi-^, Bi2Te3, 
Bi 2 Se 3 , Bi 2 Se 2 Te and Bia-^Sb^Tes-ySey jj@|. It is ex- 
pected that the properties, viz, surface conduction and 
its topological protection will be evident in the electrical 
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FIG. 1. Variation of resistivity with thickness for different 
degrees of surface and bulk conduction: (a) bulk conduction, 
(b) pure surface conduction, (c) surface less conducting than 
bulk, (d) surface more conducting than bulk. For details refer 
to the appendix 



transport measurements. One way in which surface con- 
duction would manifest itself in transport measurements 
is in thickness dependent resistivity measurements be- 
cause a surface conductor differs from a bulk conductor 
in the manner in which its resistivity varies as a function 
of thickness. Resistivity for three dimensional systems 
is given by p — SM.^ where R is the resistance, w is 
the width, I is the length and t is the thickness of the 
conductor. This definition of resistivity does not apply 
to a surface conductor as it is a two dimensional system 
and has no thickness. However for analyzing thickness 



dependence of resistivity we shall apply this definition 
to surface conductors as well. In what follows, we ex- 
amine the different types of variation of resistivity with 
thickness expected when the bulk and surface of a sys- 
tem conduct to different extents. In figure [1] we show 
the results of a calculation of the thickness dependence 
of resistivity in systems with a range of surface and bulk 
conduction. The details of the calculation is given in the 
appendix. A system with only bulk conduction has a 
thickness independent resistivity as shown in figure HJa) . 
If a system has only surface conduction then the resistiv- 
ity increases linearly with increasing thickness, as shown 
in figure [ljb) . In systems where both surface and bulk 
conduct, the thickness dependence can be of different 
types. If the surface is more insulating than the bulk 
then the resistivity decreases with increasing thickness, 
at low thicknesses, as shown in figure QJc). If the surface 
is more conducting than the bulk, then the resistivity in- 
creases linearly at low thicknesses and then flattens off 
as shown in figure [TJcl). 

From the above discussion it is clear that the thickness 
dependent transport measurements could be an impor- 
tant tool to investigate the extent of surface conduction 
in topological insulators. In most samples of topological 
insulators, the Fermi level lies in a band formed due to 
defects and vacancies, making most of the as grown crys- 
tals metallic 0, M, LL(| and as a result most of the reports 
on electrical transport measurements are on such metallic 
systems |10l - [l8J . Now, a true topological insulator can- 
not have a conducting bulk and hence efforts have been 
made to obtain insulating crystals by various methods 
such as doping Bi 2 Se3 with calcium[19l.l2fjf . lowering car- 
rier density and par tial substitution of bismuth with an- 
timony in Bi2Se3[ll(, growing Bi2Te3 single crystals with 
compositional gradient [12J], and annealing Bi2Te3 single 
crystals in tellurium vapour |2JJ. Also, as grown crystals 
of Bi 2 Te 2 Se (BTS) were found to be insulatingfll H] 
and partial replacement of bismuth with antimony in 
Bi 2 Te2Se led to the formation of insulating crystals of 
Bi1.5Sbo.5Te1.7Se1. 3 [24[. Although thickness dependent 
resistivity measurements could be the easiest method 
to detect signatures of surface states in the conduction, 
most of the transport measurements on topological insu- 
lators rely on the angular dependence of the period of the 
Shubnikov-de Haas oscillations (SdH)[HS M, M, M~ 
[26| or extraction of carrier density by fitting a two band 
model to the Hall data[13|,[l6|,[22|]. In fact measuring the 
thickness dependence of resistivity becomes even more 
important in the light of the fact that angular depen- 
dence of SdH oscillations similar to what is expected for 
surface states of a topological insulator has also been seen 
in a system which behaves as a bulk combination of many 
parallel two-dimensional electron systems [1(|- In spite 
of its importance, thickness dependent transport mea- 
surements are rarely reported in topological insulators 
and hence we felt that it would be in order to review the 
existing data from the few such studies in the literature. 



III. THICKNESS DEPENDENCE OF 
RESISTIVITY OF TOPOLOGICAL INSULATORS 
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FIG. 2. Resistivity versus thickness for topological insula- 
tors from the literature. The legend indicates the reference 
number (in square brackets), the name of the sample and the 
temperature (in parantheses) at which these measurements 
were done. The solid line indicates how the resistivity of a 
true topological insulator will vary with thickness 

In figure [2] we plot the low temperature resistivity ver- 
sus thickness data on topological insulators taken from 
Refs. [H [H [H 01, EI El HS-Hl The resistivity at low 
temperature was chosen so as to rule out thermal effects 
on conduction. The references from which the different 
sets of data were taken alongwith the sample names and 
the temperature at which these measurements were done 
is indicated in the legend of figure [2] The temperature 
indicated for Ref. [lj is an intelligent guess as it was not 
explicitly mentioned in the article. The resistivity and 
thickness values were directly read off from the plots in 
Refs. Il8ll24l . an d 123 while it was read off from the tables 
in Refs. [l9| and [28l In the case of Refs. [lj, [lji and (27| 
the sheet resistance values were read off from the graph 
and multiplied by the corresponding thickness values to 
obtain the resistivity data. In the case of Ref. [Ty the 
sheet conductance values were read off from the graph 
and then its reciprocal taken and multiplied with thick- 
ness to obtain the resistivity. 

A perfect topological insulator is supposed to have only 
surface conduction and as mentioned earlier the resistiv- 
ity in case of pure surface conduction would increase lin- 
early with thickness as shown in figure QJb). To serve as 
a guide to the eye we have again plotted this linear vari- 
ation of resistivity with thickness in case of pure surface 
conduction as a solid line in figure [5J The slope of this line 
is necessarily unity but its position can shift as its inter- 
cept will depend on the exact value of surface resistance 



chosen. Comparing it with the different sets of data plot- 
ted in figure O it is obvious that none of the data show a 
similar linear increase with thickness over the respective 
entire ranges of thickness. This is not contrary to expec- 
tation since none of the single crystals of these materials 
have a highly insulating bulk. Refs. llJ and lla show a 
linear increase in resistivity with increasing thickness at 
high thicknesses which is very close to that for a pure sur- 
face conductor. However, both of them show a sudden 
fall in resistivity at low thicknesses. Ref. [l5] also shows 
a similar low thickness fall, however instead of showing 
a linear rise at high thicknesses, it remains more or less 
flat. We shall discuss this low thickness fall in resistiv- 
ity a little later. However a close resemblance between 
data from Ref. 15 and figureHJc) is clearly seen implying 
that this is an example of the case when both surface and 
bulk conduct with the surface less conducting. In case of 
Ref. [28| the resistivity initially increases with thickness 
but ultimately flattens off. Data from Ref. 29 which 
is on the sample Bi1.5Sbo.5Te1.sSe1. 2, whose resistivity 
is among the highest for topological insulator materials, 
shows an increase in resistivity with thickness over the 
largest range of thickness although it is not strictly lin- 
ear and also tends to flatten off at high thicknesses. The 
data from Ref. [28] and [29| are similar to the case when 
both the surface and bulk conduct but with the surface 
more conducting than the bulk as shown in figure QJd) . 
A further similarity between our model and the actual 
data is that the resistivity saturates in case of figure [TJd) 
at the bulk resistivity value of 1 m£7-cm which was as- 
sumed in our calculation and given in table lA.ll and in the 
case of Refs. [28| and |29i the resistivity saturates at values 
of approximately 10 mfi-cm and 10 f2-cm respectively 
which are close to the bulk resistivity values reported in 
those references. Refs. [l8| and [l9| have fewer points and 
there is no definite trend although there is a hint of a 
fall in resistivity at low thicknesses as well as a rise at 
high thicknesses but overall they remain flat and can be 
considered as bulk conductors. 

Coming back to the case of low thickness fall in resistiv- 
ity, it has been reported that a gap opens up in the band 
structure of the surface states [13, 30] when the thick- 
ness of the topological insulator sample decreases below 
a critical thickness and this could be the reason for the 
behavior seen in Refs. [l3| and [LQ. The fall in resistivity 
occurs only below a thickness of 10 nm in Ref. lla which 
is close to the critical thickness of 6 nm [13, [30[. It is 
unlikely that the low thickness fall in resistivity in Refs. 
[l8l and [l9| is due to this same effect since this happens 
at much larger thicknesses. The fact that our calculation 
also captures this low thickness fall in resistivity when 
the surface is less conducting than the bulk, as evident 
from the graph in figure UJc) , emphasizes the robustness 
of thickness dependent resistivity measurements as a test 
for surface conduction in topological insulators. Based on 
the variation in resistivity with thickness it can be said 
that only Refs. [l3|, [la, [23, and [29| come close to show- 
ing the surface conduction which is a primary property 



of topological insulators. However if the data of Ref. [l6| 
is taken in conjunction with that of Ref. 27, which was 
an earlier report on the same sample by the same au- 
thors, then the resistivity seems to be flattening off at 
high thicknesses. Further, since Ref. [2j| has few data- 
points in the linear portion, we can say that only Refs. 
Il3l and [29j show unambiguous signs of surface conduction. 
Bi1.5Sbo.5Te1.8Se1. 2 29] seems to be the most promising 
candidate for topological insulator from this thickness de- 
pendent study as it shows a nearly linear dependence of 
resistivity on thickness for the widest range of thicknesses 
and also it has the highest resistivity among the materi- 
als reviewed in this report which is ideal since it implies 
that the resistivity will saturate at higher thicknesses. 
Thus, even though surface conduction in topological in- 
sulators has been claimed to be detected in transport 
measurements, not all topological insulator samples pass 
the surface conduction test of thickness dependence. 



IV. CONCLUSION 

In conclusion, we have extracted thickness dependent 
resistivity data from the existing literature on electrical 
transport measurements in topological insulators. The 
different sets of resistivity versus thickness data thus ob- 
tained have been then plotted as a function of thickness. 
From the plot we have been able to deduce that some of 
these samples show surface conduction while many are 
bulk conductors. At thicknesses comparable to the criti- 
cal thickness below which surface conductivity decreases 
in topological insulators a fall in resistivity is observed 
with increasing thickness. 
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Appendix: Variation of resistivity with thickness 

In figure[3]we show the model used to obtain the thick- 
ness dependence of resistivity when the surface and bulk 
of a system conduct to different extents. Resistivity in 
case of a pure bulk conductor is independent of thick- 
ness and hence in figure QJa) the resistivity is shown to 
be flat with thickness at a constant value of 1 mil-cm 
which we have assumed for the bulk resistivity value. In 
case of only surface conduction, if we assume a bulk with 
infinite resistivity, then the resistivity is simply given by 
p = ~ R ' 2 xt , where t is the thickness of the sample and R s 
is the resistance of one surface. The factor of 2 comes 
because we consider two surfaces in parallel. Here, we 
assumed R s to be 258.13 f2. In Ref. [l2| the surface con- 
ductance of a topological insulator was estimated to be of 
the order of 100 e 2 /h which is equivalent to a resistance 
of 258.13 ft. For obtaining the variation of resistivity 




parallel combination of one bulk conductor sandwiched 
between two surface layers. The surface layers have been 
assumed to have a thickness of 1 nm and a surface resis- 
tance R s . The bulk resistivity pb and surface resistance 
R s values were chosen in such a manner that we could 
simulate different degree of bulk and surface conduction. 
The thickness of the surface layers has been kept con- 
stant in all the different cases. We obtain the following 
expression for the resistivity p of the whole conductor, 



PbPst 



2p b t s + p s (t- 2t s ) 



(A.l) 



FIG. 3. The model used to calculate thickness dependence 
of electrical resistivity in systems with both bulk and surface 
conduction, t is the total thickness of the conductor and t s is 
the thickness of each of the two surfaces; top and bottom. 



with thickness in case of conductors with both bulk and 
surface conduction, we have modeled the conductor as a 



Type of conduction 


Rs (fi) 


Pb (fl-cm) 


Surface less conducting than bulk 


258130 


0.001 


Surface more conducting than bulk 


258.13 


0.001 



TABLE A.l. Table of values of R s and pj, used in the calcu- 
lation. 

where t s is surface thickness, t is the thickness of the 
sample and p s is given by R s x t s . Different values of R a 
and p b were used to simulate the different degrees of bulk 
and surface conduction and are given in table IA.1I 
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